The BH3-only Bid protein is a critical sentinel of cellular stress in the liver and the hematopoietic system. Bid's initial 'claim to fame' came from its ability-as a caspase-truncated product-to trigger the mitochondrial apoptotic program following death receptor activation. Today we know that Bid can response to multiple types of proteases, which are activated under different conditions such as T-cell activation, ischemical reperfusion injury and lysosomal injury. Activation of the mitochondrial apoptotic program by Bid-via its recently identified receptor mitochondrial carrier homolog 2-involves multiple mechanisms, including release of cytochrome c and second mitochondria-derived activator of caspase (Smac), alteration of mitochondrial cristae organization, generation of reactive oxygen species and engagement of the permeability transition pore. Bid is also emerging-in its full-length form-as a pivotal sentinel of DNA damage in the bone marrow regulated by the ataxia telangiectasia mutated (ATM)/ataxia telangiectasia and Rad3-related (ATR) kinases. The ATM/ATR-Bid pathway is critically involved in preserving the quiescence and survival of hematopoietic stem cells both in the absence and presence of external stress, and a large part of this review will be dedicated to recent advances in this area of research.
ROLE OF BID IN CELL DEATH AND LIVER INJURY
The Bcl-2 family of proteins function as major regulators of the intrinsic apoptotic pathway. 1 Following a death stimulus, the multi-domain pro-apoptotic family members, Bax and Bak form homo and hetero-oligomers to trigger mitochondrial outermembrane permeabilization (MOMP), allowing the release of inter-membrane space proteins such as cytochrome c and activation of the downstream apoptotic pathway. The BH3-only family members serve as sensors of cellular damage. Posttranslational modifications allow these proteins to translocate to the mitochondria, where they activate Bax and Bak. Although Bax and Bak are master regulators of apoptosis, and mice deficient in both of these proteins die in embryogenesis because of failure of essential developmental deaths, the BH3-only proteins have roles that are signal and tissue specific.
Bid is a BH3-only pro-death Bcl-2 family molecule. Bid was first identified in 1996 through expression cloning using Bcl-2 and Bax as baits. 2 The ability to interact with the multi-domain pro-death molecules Bax or Bak is a distinguished feature of this molecule among the Bcl-2 family proteins. This feature constitutes the basis of how the BH3-only molecules may induce apoptosis by either inactivating the anti-death molecules and/or directly activating a multi-domain pro-death molecule.
Bid was re-cloned in 1998 during the screening for caspase substrates and confirmed to be cleaved by caspase-8 following Fas-mediated apoptosis 3, 4 ( Figure 1 ). It was independently shown that tumor necrosis factor alpha (TNFa) stimulation could also trigger Bid cleavage by caspase-8. 5 These studies further indicated that cleaved Bid could translocate from the cytosol to the mitochondria and induce the release of cytochrome c from the mitochondria. Together they demonstrated that Bid can bridge the death receptor apoptosis pathway to the mitochondrial apoptosis pathway.
Subsequent studies indicated that Bid could actually be cleaved by many other proteases, such as granzyme B, calpains and cathepsins, in the same regulatory a2 loop where caspases act, generating the functional truncated Bid that can induce mitochondrial apoptosis (reviewed in Yin 6 ). These proteases are activated under a variety of pathological conditions, suggesting that Bid is a sentinel of these types of insults and could contribute to the cellular injury in these scenarios. As such Bid serves a critical role in connecting these stimuli to the mitochondria, thus allowing the death process to be either advanced or amplified. In addition, these studies suggest that proteolytic cleavage of Bid may be the most common mechanism for Bid activation, although full-length Bid could trigger apoptosis as well. 6, 7 The functional role of Bid has been studied in many disease models. 6 However, it is most extensively studied in murine models of liver injury triggered by the death receptor agonists, where the best mechanistic insight of how Bid contributes to apoptosis was obtained. Although engagement of the death receptors could trigger apoptosis without the participation of the mitochondria pathway in certain types of cells (that is, type I cells), the latter is required in other kinds of cells (that is, type II cells). 8 Although this classification was initially defined in vitro with cancer cell lines, hepatocytes were the first type II cells defined in vivo when it was shown that bid-deficient mice are resistant to anti-Fas antibodyinduced liver injury. 9 More recently, pancreatic beta-cells were also defined as type II cells. 10 In type I cells, engagement of the death receptors by the specific ligands or agonists could trigger caspase-8 activation, which can directly activate the effector caspases to launch a full 1 scale apoptosis. In type II cells, effector caspases cannot be efficiently activated by caspase-8, leading to a halt in the progression of apoptosis. In bid-deficient mice stimulated by anti-Fas antibodies caspase-8 is appropriately activated, but there is no mitochondrial release of apoptogenic factors and the downstream effector caspase-3 is not activated. 9, 11 It was quickly realized that caspase-3 activation was arrested in bid-deficient hepatocytes in a pattern consistent with being suppressed by X-linked inhibitor of apoptosis protein (XIAP).
11 XIAP belongs to the IAP family of anti-apoptosis molecules and can suppress caspase activation by direct binding. 12 Such inhibition could be relieved by mitochondria-released second mitochondria-derived activator of caspase (Smac)/DIABLO through its competitive binding to XIAP. 13 Indeed, one of the key functions of Bid in activating mitochondria is to trigger the release of mitochondrial Smac/DIABLO, in addition to cytochrome c and other factors.
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The resistance of bid-deficient hepatocytes to anti-Fas antibodyinduced apoptosis could be biochemically attributed to the failure of de-repression of XIAP by Smac/DIABLO. 11 The same explanation could account for the role of mitochondria in the Fas-activated type II lymphoid cells.
14 The genetic and pharmacological evidence was provided by showing that deletion of XIAP or administration of Smac/DIABLO mimetics in bid-deficient mice reversed the sensitivity to Fas-induced apoptosis in both hepatocytes and pancreatic beta-cells. 15 Notably, the dependence of Fas-induced hepatocyte apoptosis on Bid could also be bypassed by other means. Co-administration of a high dose of hepatocyte growth factor with anti-Fas antibodies triggered hepatocyte apoptosis in the absence of Bid. 16 This is likely due to the binding of hepatocyte growth factor with its receptor, c-Met, which dissociates the interaction of c-Met with Fas. It has been shown that the availability of additional Fas receptors results in a stronger apoptotic response. 17 Such a switch from type I to type II cells in response to Fas stimulation could be also observed in hepatocytes under different culture conditions that relate to extracellular matrix-Fas interactions. 18 Conversely, stronger stimulation with a hexameric form of sFasL could also engage more Fas leading to a more potent activation of caspases, which kills hepatocytes without the need for Bid. 19 Taken together, these studies indicate that Fas-mediated apoptosis in type II cells is subjected to strong inhibition mediated by XIAP, which could be overcome by Bid-mediated mitochondrial release of Smac, or by stronger stimulations at the receptor level via increased ligand-receptor interactions.
Bid is also important for TNFa-and TNF-related apoptosisinducing ligand (TRAIL)-initiated apoptosis. Bid is cleaved and activated on TNFa/cycloheximide stimulation 5 and it promotes TNFa-induced hepatocyte apoptosis in vivo and in vitro. [20] [21] [22] Similarly, TRAIL-induced mitochondrial activation can also be mediated by Bid, which could be critical to the killing of cancer cells 23 and to the synergistic effects of TRAIL and DNA-damaging agents. 24 A notable difference seen in TNFa-induced liver injury is that deletion of Bid impedes, but does not prevent TNFa-induced killing. 22, 25, 26 This is likely due to the fact that TNFa can activate several other death effector mechanisms, among which c-Jun N-terminal kinase and Bim, another BH3-only molecule that can be activated by c-Jun N-terminal kinase, turn out to be crucial players. 25, [27] [28] [29] [30] Combined deletion of Bid and Bim could protect mice from lipopolysaccharide/D-galactosamine (LPS/GalN)-induced liver injury, which is mediated by TNFa. 27 Under physiological conditions without exogenous stimulation, a small but significant amount of cleaved Bid is found in wild-type mouse livers, which can cause cytochrome c release. 31 However, such a condition does not lead to noticeable liver injury unless an anti-apoptotic molecule such as Bcl-x L is deleted, or suppressed by the pharmacological inhibitor ABT-737. Further studies showed that deletion of Mcl-1, another anti-death Bcl-2 family molecule constitutively expressed in the liver, can also result in spontaneous hepatocyte apoptosis. 32 Co-deletion of Bid suppressed the spontaneous apoptosis. 31 Taken together, these studies indicated that Bid is important to hepatocyte homeostasis under both physiological and pathological conditions.
The impact of Bid on the mitochondria is significant, causing MOMP resulting in the release of many inter-membrane space proteins, including cytochrome c and Smac. [3] [4] [5] 11 In addition, the mitochondrial permeability transition pore is activated 21 and reactive oxygen species (ROS) production is enhanced. 20 Morphologically, mitochondria could present a significant level of cristae reorganization that could be related to ROS and the interaction of Bid with cardiolipin. 20, [33] [34] [35] [36] [37] All of these events could contribute to the progression of apoptosis.
These effects of Bid are mediated by a series of interactions between Bid and other mitochondrial proteins and between Bid and mitochondrial membrane lipids. The interaction of Bid with the multi-domain pro-death molecules Bax or Bak seems to be the most important for its pro-death effect, which can be antagonized by its interaction with the anti-death Bcl-2 molecules.
2,38-40 The BH3 domain of Bid is required for these interactions, and Bax or Bak can become oligomerized to trigger MOMP. Indeed, mice deficient in both Bax and Bak are much like Bid-deficient mice with respect to resistance to anti-Fas antibody-induced hepatocyte apoptosis in vivo. 40 Among the other Bid interactors is mitochondrial carrier homolog 2 (MTCH2), 41 which facilitates the recruitment of truncated Bid to the mitochondria. Importantly, mice deficient in liver MTCH2 are much like Bid-deficient mice with respect to resistance to anti-Fas antibody-induced hepatocyte apoptosis in vivo. 42 As mentioned above, Bid has also been shown to bind to cardiolipin, a phospholipid present only in the mitochondria Cleaved Bid is recruited to the mitochondria with the participation of MTCH2, a mitochondrial outer membrane protein that interacts with Bid. Bid can interact with the multi-domain anti-death Bcl-2 family members, Bax and Bak, to induce their oligomerization, leading to the formation of a membrane pore and the release of molecules residing at the intermembrane space. Bid can also interact with cardiolipin, located at the contact site of the outer membranes, to promote cristae reorganization, which is also facilitated by ROS that could be resulted from the activation of the permeability transition pore under the influence of Bid. Cristae reorganization can cause the mobilization of cytochrome c residing at the inner membranes to maximize their release into the cytosol through the Bax/Bak pore. Although released cytochrome c is important for the activation of caspase-9 through the apoptosome, Smac is needed to reverse the suppression of caspase-9 and effector caspases by XIAP. This mitochondrial pathway is particularly critical in death receptorinitiated apoptosis in type II cells, such as hepatocytes, but would also have an important roles in amplifying apoptosis in other scenarios.
membranes. 33, 35, 36, 43 Overall, Bid-cardiolipin interaction is independent of Bid's BH3 domain, 33 but dependent on its a4-a6 helices, 44 which are required for Bid membrane insertion. 33, 43 Such interactions seem to be relevant to Bid-induced cristae reorganization that mobilizes the cytochrome c pool. 20, 33, 34, 37 Thus, Bid-cardiolipin interactions seem to be coordinated with the Bid-Bax/Bak interactions that lead to MOMP.
One of the non-pro-death functions of Bid is that it can promote cell proliferation. 45, 46 Studies done on other Bcl-2 family proteins reveal that pro-death molecules, such as Bax, Bad and Bid, also possess a pro-proliferation function, whereas anti-death molecules, such as Bcl-2 and Bcl-x L , possess an anti-proliferation function. 6, 47, 48 Bcl-2 family members seem to regulate cell proliferation at the G 0 /G 1 cell cycle entry point. For example in hepatocytes, Bid was found to be required for endoplasmic reticulum (ER) calcium regulation of cyclin D1 expression following mitogen stimulation. 46 Notably, Bax and Bak are required to control T-cell proliferation through a similar mechanism of ER calcium regulation, 48 which was first characterized in an apoptosis scenario. 49 On the other hand, Bcl-2 and Bcl-x L have been shown to regulate ER calcium storage in the opposite way, 50,51 which would result in an opposite phenotype of delayed cell cycle entry. It has been pointed out that the regulation of ER calcium would result in an impact on either cell death or cell growth depending on whether the triggering signal is apoptogenic or mitogenic. The ability of Bid to regulate proliferation can affect tumor growth as shown in a mouse model of liver cancer initiated by the chemical carcinogen diethylnitrosamine. Under these conditions, deletion of Bid renders a retarded growth of tumors. 45 This phenotype is similar to the one seen in mice overexpressing Bcl-2, which would exert an anti-proliferative phenotype. 52 The lesson learnt from these studies is that the Bcl-2 family of proteins can affect tumor growth at both the cell death and cell proliferation levels, which could result in different phenotypes depending on the actual context of tissue types and mechanisms of tumorigenesis.
BID INTEGRATES STRESS SIGNALS IN HEMATOPOIESIS
Bid is highly expressed in the hematopoietic system, and the hematopoietic system as well as the liver, represent the bestcharacterized organs in terms of Bid's role. Hematopoietic homeostasis requires stringent regulation and coordination of cell proliferation, self-renewal and differentiation. Hematopoietic stem cells (HSCs) are responsible for maintaining the blood system over the life of an organism. HSCs exist predominantly in the quiescent state. This quiescent state protects HSCs from genotoxic damage acquired during replication, preserving genomic integrity in the hematopoietic system.
In addition, quiescence maintains HSC function. Quiescent cells are less vulnerable to DNA damage from exogenous toxins as well as the chromatin packed DNA is protected from modification by ROS generated by normal cellular metabolism. In addition, many signals that stimulate entry into the cell cycle, such as mitogenactivated protein kinases, also induce differentiation, thus limiting long-term HSC function. 53 Following hematopoietic stress from trauma or toxins, HSCs enter the cell cycle (mobilize) and undergo both proliferation as well as differentiation. It is the committed progenitor populations that then rapidly proliferate to reconstitute the hematopoietic system. These progenitor cells are thus particularly vulnerable to genotoxic stress during replication. Control of cell death in these myeloid progenitor cells (MPCs) is critical: too much cell death of MPCs leads to increased cycling of HSCs. This excessive HSC cycling results in eventual exhaustion and bone marrow failure. Expression of proteins involved in cell cycle checkpoints as well as DNA repair are increased in progenitor cells, 54 and increased DNA repair ability is found in these cycling progenitors. Loss of checkpoint control in these progenitor cells leads to bone marrow failure because of increased cycling of stem cells, leading to exhaustion. 55, 56 Loss of Bid in mice results in abnormal myeloid homeostasis and tumorigenesis. 57, 58 Initially, Bid À / À mice maintain hematopoietic homeostasis with normal blood counts in all lineages. After 1 year of age, Bid À / À mice display a decrease in blood counts, with anemia and thrombocytopenia. This progresses to an increase in cells of the myeloid lineage, culminating in a disorder that closely resembles chronic myelomonocytic leukemia with evidence of significant chromosomal instability.
Two groups subsequently showed that Bid is a substrate of the DNA damage kinases, ATM and ATR. In addition, Bid has a role in S phase checkpoint regulation following DNA damage. 59, 60 This cell cycle checkpoint role requires phosphorylation at serine 78, but does not require the BH3 or death domain of Bid. 60 Bid À / À MPCs display decreased viability in culture. 57, 58 Cultured Bid À / À activated T cells and MPCs are hypersensitive to hydroxyurea (HU) but not ionizing radiation treatment in vitro.
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Bid À / À bone marrow is hypersensitive to intraperitoneal injection of HU but not to ionizing radiation in vivo, 57 consistent with an impaired DNA damage response (DDR) to replicative stress. Indeed, Bid À / À MPCs and Bid-deficient U2OS cells demonstrate limited ATR function following HU treatment. 57 Furthermore, Bid associates with the ATR/Atrip/replication protein A (RPA) complex, 57 and the association between ATR/Atrip and RPA is significantly diminished in Bid-deficient cells following replicative stress, 57 suggesting that Bid has a role to maintain the DNA damage sensor complex. Bid is thus positioned to have a role in the DDR to replicative stress in the hematopoietic system. During hematopoietic stress, it is the progenitor populations that proliferate to expand and to refill the bone marrow. These populations are thus vulnerable to the effects of replicative stress. Bid expression is increased in myeloid progenitor populations, especially in the granulocyte/macrophage progenitors population 61 ( Figure 2 ). Given the role of Bid in the ATR-mediated DDR, we investigated the in vivo response of wild-type and Bid À / À LSK cells and committed progenitors to replicative stress. HU depletes the nucleotide pool, stalling the DNA polymerase, and inducing replicative stress and an ATR-mediated DDR. Interestingly, in wild-type mice under conditions of repeated replicative stress, the LSK and MPC cell populations are expanded, and bone marrow function is maintained as demonstrated by the ability to compete with unchallenged bone marrow to adequately repopulate lethally irradiated recipient mice. 62 Bid À / À MPCs are more sensitive to replicative stress, resulting in depletion of MPCs following HU. HSCs respond to this loss of progenitor cells by mobilizing to enter the cell cycle. Notably, Bid À / À HSCs demonstrate increased cycling and bromodeoxyuridine incorporation. Eventually, Bid À / À HSCs are exhausted, as demonstrated by decreased competitive repopulating ability in serial bone marrow transplant assays.
Two groups have published competitive bone marrow transplants of Bid À / À bone marrow. 58, 63 The number of bone marrow cells transplanted was markedly different in the two studies, complicating direct comparison. Nonetheless, both studies Interestingly, two groups have reported a role for Bid in early thymic development. Bid is downregulated by pre-T cell receptor survival signals. 64 Bid is activated by p53 in DN3 cells during the DDR elicited by T cell receptor recombination. Loss of Bid in addition to the pre-T cell receptor, prevents death of DN3 cells. In thymic reconstitution studies, Bid À / À bone marrow reconstitution results in a decreased spleen and thymus size, with a disproportionate percentage of DN3 T cells. 63 These results are consistent with decreased death of DN3 T cells. In addition, these studies demonstrate decreased T cells beyond the DN3 stage in the absence of Bid. Although these results are consistent with a defect in T-cell differentiation in Bid À / À thymocytes, the studies do not directly demonstrate decreased differentiative capacity. One alternative possibility to explain these results is that Bid À / À DN3 cells do not activate the S phase checkpoint that is activated by the DDR in wild-type DN3 cells, and therefore expand because of increased proliferation. The expanded Bid À / À DN3 population might not give rise to more mature cells because of death of later T-cell stages from accumulation of increased DNA damage. Further experiments will be necessary to sort out these possibilities.
Bid's role in hematopoietic stem and early progenitor function was evaluated both by immunophenotype as well as long-term reconstitution. Under homeostatic conditions, there is no difference in the number of HSC and progenitor cells. 58, 63, 65 Bid mRNA levels are increased in the granulocyte monocyte progenitor population relative to the HSC or common myeloid progenitor populations. Two studies evaluated competitive reconstitution of Bid À / À bone marrow, using very different conditions. With high numbers of transplanted cells (2 million wild-type and 2 million Bid À / À bone marrow cells transplanted), there is a decreased competitive repopulating ability of Bid À / À lymphocytes, and an advantage for Bid À / À myeloid cells. 63 When 8000 Bid À / À or Bid þ / þ cells were reconstituted at a 1:20 ratio with competing congenic wild-type cells, there was no significant difference in repopulating ability between wild-type and Bid À / À bone marrow for lymphocytes, but a competitive advantage that increased over time for myeloid cells. 58 In summary, Bid has an important role in hematopoietic homeostasis, to monitor the DDR to stress. In MPCs that are subject to replicative stress following bone marrow insult, Bid facilitates the DDR to replicative stress mediated by ATR. 57, 62, 66 Loss of Bid results in increased death of MPCs, increased HSC mobilization and eventual exhaustion of bone marrow function. In addition, the surviving bone marrow progenitors display increased propensity to transformation, and the mice develop a malignant, clonal disorder closely resembling chronic myelomonocytic leukemia. 58 Bid further monitors the DDR in DN3 T cells, the population that undergoes pre-TCR rearrangement. Loss of Bid leads to accumulation of these DN3 cells, but relative depletion of more mature forms. Further studies will be necessary to determine the effect of loss of Bid on T-cell transformation.
BID IS A CRITICAL 'GATE-KEEPER' OF HSC MOBILIZATION
The ATM kinase was previously demonstrated to have a role in regulating the self-renewal and quiescence of HSCs. 67 This novel and unexpected role of ATM awaited identification of an ATM effector to provide further support for the importance of this pathway. Previous data demonstrated that Bid is a nuclear ATM effector in the DDR phosphorylated on serines 61 and 78. 59 Using Bid S61A/S78A (Bid AA ) knock in mice it was revealed that ATMmediated Bid phosphorylation has an unexpected role in maintaining the quiescence of HSCs in the absence of hematopoietic stress from trauma or toxins. 65 Loss of Bid phosphorylation leads to escape from quiescence of HSCs, resulting in exhaustion of the HSC pool and a marked reduction of HSC repopulating potential in vivo. Bid phosphorylation also has a role in protecting HSCs from irradiation, and regulating both quiescence and survival of HSCs depends on Bid's ability to regulate oxidative stress at the mitochondria.
Mammalian HSCs are kept quiescent in the endosteal niche, a hypoxic zone of the bone marrow, and redox signaling has emerged as an important regulator of HSC self-renewal and mobilization. [68] [69] [70] [71] Previously it was demonstrated that ATMdeficient HSCs accumulate elevated levels of ROS, and treating the null mice with the anti-oxidant N-acetyl-L-cystein resulted in complete reversal of the phenotype. 67, 72 Importantly, treatment of Bid AA mice with N-acetyl-L-cystein restored HSC quiescence and the number of HSCs to wild-type levels. 65 Thus, the elevated ROS present in Bid AA HSCs is the primary cause of the defect in quiescence. Taken together, these studies are consistent with the idea that the ATM-Bid pathway regulates the self-renewal/quiescence of HSCs via regulation of oxidative stress.
Identifying Bid as an ATM effector in both the DDR and the selfrenewal/quiescence of HSCs suggests that these two pathways are related. A hallmark defect in the ATM pathway is increased radiation sensitivity, [73] [74] [75] and this hypersensitivity is believed to be due to defects in the DDR (defects in cell cycle arrest, DNA repair, and so on). The findings demonstrating that N-acetyl-L-cystein injection both rescues Bid AA HSC quiescence and partially protects Bid AA mice from total body irradiation 65 are consistent with the idea that defects in HSC quiescence contribute to hypersensitivity to radiation. For example, a defect in self-renewal/quiescence of HSCs may result in a DDR defect as HSCs in cycle are more sensitive to stress. 76 In support of this hypothesis, ATM À / À mice treated with N-acetyl-L-cystein are also partially protected from radiation. 77 How does phosphorylated Bid regulate ROS levels and the cell cycle status of HSCs? Loss of Bid phosphorylation or ATM knockout leads to an increase in mitochondrial Bid, which correlates with an increase in mitochondrial ROS (mitoROS) in vivo. 65 Importantly, loss of Bid phosphorylation also triggers an oxidative stress-dependent upregulation of genes involved in the transition from early to late G 1 (R point; for example, cyclin D1 and CDK4), and genes involved in the G 1 /S transition (for example, cyclin E1). Quiescent HSCs presumably re-enter the cell cycle in the early G 1 phase, 53 and thus keeping in check the proteins promoting R point transition is likely to be important for maintaining HSC quiescence. Thus, Bid accumulation at the mitochondria, which is negatively regulated by ATM, triggers a metabolic change in mitochondria that includes an increase in ROS and perhaps changes in other metabolites that signal back to Figure 3 . Bid accumulation at the mitochondria, which is negatively regulated by ATM, triggers a metabolic change in mitochondria that includes an increase in ROS. the nucleus to regulate gene transcription leading to cell cycle progression (Figure 3) .
Bid accumulation at the mitochondria also leads to activation of the mitochondrial cell death program through activation of Bax/Bak and MOMP. In addition, Bid is upregulated in granulocyte/ macrophage progenitor cells. 61 Thus, it is also possible that Bid's apoptotic role is activated in hematopoietic progenitor cells of Bid AA mice. This would lead to increased cell death of progenitor cells and compensatory increased mobilization of HSCs, and would contribute to the HSC exhaustion phenotype. As granulocyte/macrophage progenitor cells have an important role in maintaining viability following irradiation, 54 increased death of granulocyte/macrophage progenitors, mediated by increased production of ROS in the Bid AA mice may also contribute to the decreased viability of the mice.
Interestingly, exposing wild-type mice to irradiation also triggers an increase in mitochondrial Bid (which includes phosphorylated Bid) and an increase in mitoROS, 65 suggesting that the ATM-Bid complex responds as a metabolic rheostat to changes in DNA damage levels. Taken together, these results are consistent with the idea that at low levels of DNA damage ATM phosphorylates Bid to keep it away from the mitochondria resulting in low levels of ROS. Increasing the levels of DNA damage proportionally increases the levels of mitochondrial Bid, which leads to a proportional increase in mitoROS. This increase in mitoROS might be the signal for HSCs to exit quiescence and enter the cell cycle to replenish the blood system. Surprisingly, Bid À / À mice display similar phenotypes to Bid þ / þ and not to the Bid AA mice. 65 In Bid À / À mice, Bid would not translocate to the mitochondria to induce ROS and thus these mice are expected not to have the same phenotypes as the Bid AA mice. The differential sensitivity between these mice in response to DNA damage supports the idea that the increased baseline ROS level per se rather than Bid itself dictates the sensitivity to DNA damage.
It is well established that ATM is a nuclear kinase and it was previously demonstrated that part of the Bid protein pool is localized to the nucleus. 59, 60 Thus, it is most likely that ATM phosphorylates Bid in the nucleus and that this phosphorylation inhibits Bid nuclear exit and thereby its accumulation in mitochondria. However, most recently, it was demonstrated that ATM is also localized to mitochondria. 78 Thus, an alternative possibility is that ATM phosphorylates Bid at the mitochondria leading to its retrotranslocation into the cytosol, as previously shown for the Bcl-x L protein that retrotranslocates pro-apoptotic Bax from the mitochondria into the cytosol. 79 As in the case of Bcl-x L and Bax where loss of survival signals leads to inhibition of Bax removal into the cytosol and to its accumulation in mitochondria, increasing the levels of DNA damage may inhibit the removal of phosphorylated Bid into the cytosol and to its accumulation in mitochondria.
How does the ATM-Bid complex regulate the metabolic status/ ROS of mitochondria? As mentioned above, MTCH2 serves as a mitochondrial receptor for Bid important for Fas-induced liver apoptosis. 42 Interestingly, MTCH2 was previously identified in a genome-wide association study as one of six new gene loci associated with body mass index (BMI) in humans. 80 Body mass index is the most commonly used quantitative measure of adiposity, and adults with high values of body mass index are termed obese. Thus, MTCH2 may also be involved in fatty acid/ glucose metabolism in mitochondria. It remains an open and exciting avenue for future research how MTCH2's metabolic activity is related to Bid's role in regulating the quiescence of HSCs. Finally, ATM-deficiency worsens features of the metabolic syndrome in ApoE À / À , Ob/Ob and Db/Db mice, 81 and cells from ATM À / À mice and from ataxia telangiectasia patients show increased mitoROS. 78 Thus, ATM may regulate the metabolic status of mitochondria via the Bid-MTCH2 complex.
